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LUJNG CHANGES AFTER OCCLUSION OF PULMONARY
ARTERY BRANCHES BY EMBOLUS AND
BY LIGATURE*
C. M. VAN ALLEN, G. L. NOCOLL AND W. M. TUTTLE
The cellular alterations from bland embolism of the lung are
reported to be very different from those which follow occlusion by
ligation of the pulmonary vessels. Thus, in the normal lung, em-
bolism produces an ischemic, pale zone that may develop no cellular
changes or may become congested within a few hours and present
small foci of redcell extravasation. The tissues then gradually clear
and after a few weeks appear quite normal or show slight increases in
the connective tissue of the alveolar septa. Ligation, on the other
hand, is described as producing intense congestion and hemorrhagic
consolidation (infarction) with desquamation of the respiratory
epithelium. The connective tissues then proliferate rampantly and
transform the part into a fibrous and shrunken mass adherent to the
parietes. Descriptions differ in some details, but the changes are
regularly far more extensive than those of bland embolism, even
where the breadth of vascular bed occluded is equal. The severer
effects of ligation are attributed15 to interference with the collateral
circulation, for it is believed that the ligature inadvertently includes
minute bronchial vessels.
The biological interpretation2"1",25 which has been placed upon
the fibrosis, which follows pulmonary artery ligation has led to its
application in clinical therapy. It is reasoned that, since closure of
the pulmonary circulation robs the tissues of function, the cellular
changes that follow are referable to disuse atrophy. A subtle stimu-
lus has been effected, which provokes vigorous fibroblastic prolifera-
tion, invasion and obliteration of the normal lung structures. It is
further reasoned that institution of such cirrhotic reaction should be
beneficial to the already diseased lung, by augmentation of tissue
vitality and encapsulative powers. Cases of localized tuberculosis
and bronchiectasis, which have been treated on this basis by pul-
monary artery ligation, have shown the desired increase in fibrosis'5,
but the stimulation to healing has not been apparent often enough
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to warrant continued use of the method. Indeed, there is some
evidence that bronchiectasis may actually be produced in this way
where it did not before exist27. The operation now finds two other
purposes in surgical practice,-one for the control of intractable
hemoptysis from the lower lobes', and the other as a preliminary
step in radical lobectomy24. In the first, it has proved a life-saving
measure, to be cautiously applied because of a high operative risk;
and in the latter, it renders lobe amputation much less difficult and
hazardous than by the single-stage method, by controlling the blood
supply, obliterating the pleural space, facilitating dissection, and
stabilizing the pedicle.
It has seemed worth while to reinvestigate the character of the
parenchymatous changes which follow the two forms of occlusion
of the pulmonary artery, and for two reasons: i)The effects of
embolism and ligation have not received adequate comparison in
controlled experiment, by performing both in the same animal or
group of animals, and hence it cannot be said that they differ es-
sentially. 2) The biological interpretation that has been placed
upon the lesion resulting from ligation does not appear sound, for
ischemia of such degree should tend to devitalize the tissues rather
than to increase their reactivity and healing capacity.
In introduction, it will be necessary to review in some detail
the findings of others in experiments ofthe type in which, as here, no
other interference than bland embolism or ligation was practiced.
LITERATURE
Bland Embolism. In his efforts to prove the essential relation-
ship of embolism to hemorrhagic infarct, Virchow32 introduced
small rubber balls into the peripheral veins of laboratory animals
and allowed them to be carried to the lungs. Examined several days
later, the parts of the parenchyma involved presented no gross or
minute alterations in the majority of instances. In a few, the
tissues were congested and with slight focal extravasation of red
cells. True infarction did not occur.
Cohn3 repeated these experiments, with the same results. He
used quicksilver as embolic material.
The extensive contemporary work of Panum23 is unfortunately
confused, for he failed to distinguish between pneumonia and in-
farction.
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In I875, Cohnheim and Litten4 embolized the lungs of dogs
and rabbits with paraffin balls and were unable to obtain cellular
alterations in the parenchyma, except in very few instances. Here,
the embolized area showed definite changes. The pleural and cut
surfaces were elevated, reddish-black, firm, and consolidated at the
center only. There was a delicate, fibrinous pleural exudate. Mi-
croscopic examination showed the alveoli and interstitial tissues to be
consolidated with hemorrhage at the center of the lesion and par-
tially filled with blood elsewhere. Notable differences between this
lesion and the typical hemorrhagic infarct, as found in man, were
lack of uniformity in the distribution of the hemorrhage, absence
of necrosis, and indistinct marginal outlines.
The experiments of MZ5gling20, Klebs'2 and Orth22 introduced
factors to complicate the embolism; but a few animals were used
as controls with bland embolism alone, and here the lung showed
no cellular changes. Grawitz6 experienced the same failure to
obtain lesions in embolizing the lung with laminaria tents, except in
one case, where the tent swelled after introduction, occluded the
nearby bronchus, and provoked bronchopneumonia. There were
both hemorrhage and necrosis in the pneumonic area.
Gsell7 introduced paraffin balls, one to three in number, into
the jugular vein of each of i6 rabbits. Bland autogenous blood
clots served as emboli in 7 others. Within a few days the affected
parts of the lungs showed moderate degrees of congestion, edema,
and blood extravasation. The clots had less effect than the paraffin.
These lesions were not true infarcts.
In i897, two years later, Zahn33 published a resume of his
work on pulmonary embolism with quicksilver. He obtained little
or no cellular change in the lung parenchyma.
Fujinami5 employed a large variety of animals in studying in-
farction of the lung, but furnished data from the dogs only. Par-
affin of low melting-point, warmed to a fluid condition, was injected
into the jugular vein in amounts varying from 0.5 to 2.8 cc. Sur-
vival was permitted for from I to I4 days, and at autopsy, 7 of
the I7 dogs showed true hemorrhagic infarction, with intense san-
guineous infiltration, focal necrosis, and precise marginal definition.
The others presented congestion, edema, and punctate hemorrhages
in the embolized parts in varying degrees of intensity. The author
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attributed his success (the first to reproduce true infarction) to the
multiplicity of the emboli and widespread vessel occlusion, for the
paraffin moulded itself to the form of the vessels and tended to
interfere with collateral blood supply. He disregarded the possi-
bility of other influences, such as the elevated temperature of the
paraffin and the occurrence of bronchitis and pneumonia spontane-
ously among the animals.
Karsner and Ash'0, in I9I2, gave a thorough description of the
effects of bland embolism under various experimental circumstances.
Turnip-radish seeds were used for emboli, and four were injected
into the jugular vein of each animal (dog). Where no other in-
terference was practiced, the findings were as follows: One-half
hour after embolism the involved parts of the lung parenchyma were
pale and well-defined. Microscopic examination showed slight con-
glutination of erythrocytes in the larger vessels. At three hours,
changes suggestive of infarction were visible. The tissues were dark
red or crimson, elevated, and firm. Microscopically, the regions
were vaguely defined and with slight congestion and edema. At
six hours, the edema was increased and slight hemolysis and focal
emphysema were added, and at twelve hours, there was also hemor-
rhage into some of the alveolar septa and lumina. The next al-
teration of note appeared after one week, with reduction of conges-
tion, and marginal definition. At two weeks, the occluded air
spaces began to empty and there was more emphysema. At this
time, many of the alveolar septa were thickened slightly by fibro-
blastic proliferation, and a few of the larger vessels contained or-
ganized thrombi. Congestion and edema were reduced. It was
concluded that, "while an embolus of sufficient size produces definite
and progressive circulatory and tissue changes in the lung, embolism
is not in itself a cause of true infarction where one considers hemor-
rhage and necrosis as criteria".
In I924 and again in I928, Krampf'3"14 reported experiments
in embolism of the lung with paraffin balls of various sizes, some
large enough to obstruct the main pulmonary artery of one lobe.
In each instance, the involved portion of parenchyma became pale
and sharply outlined, and this appearance persisted up to I2 weeks,
when compensatory hypertrophy of the bronchial circulation was
in marked evidence. He saw no congestion, edema, hemorrhage or
fibrosis at any stage.
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Ligation. Experiments16 17,18 dealing with the effects of ligation
of peripheral branches of the pulmonary artery, which were carried
on in the last century, contribute little of value, because the surgical
operation introduced complications of pneumothorax and empyema.
In I9 II, Bruns and Sauerbruch2 were able to tie the artery
to the left lower lung lobe in a series of dogs (number not stated)
without such disturbances. At eight days, the lobe was found to be
distinctly smaller than normal, dark red and airless. The histological
appearances at this stage were not described, although hemorrhage
was counted absent. At IO to I4 days, the part was smaller still,
firmer and more deeply red; and at three to four weeks, shrinkage
was advanced and fibrous adhesions had obliterated the surrounding
pleurae. Examinedafter two months, the lobe was one-sixth normal
size, hard and airless. Histologically, the lung architecture was
found to be lost and the lobe transformed by fibrous tissue over-
growth into a scarred mass.
Kawamura1t repeated this work and substantiated the results in
all details, for, again without initial hemorrhagic extravasation, the
part underwent intense fibrosis and shrank to a fraction ofthe original
size. The observation was added that the elastic fibers of the par-
enchyma also proliferate, and by special staining may be seen as
broad ribbons in the sclerotic tissues.
These effects have been studied more recently by Smirnoff27,28.
One specimen of lung lobe three months after ligation was described
as one-fourth the normal size and represented by "merely a short,
firm, scarred band of tissue". Some of his animals were allowed
to live for more than one year, and here fibrosis reached extreme
grades, with invasion of even the large bronchi by connective tissue,
resulting in the formation of luminal stenoses and bronchiectases.
Schlaepfer27'28 found that fibrosis following ligation of the pul-
monary artery to a lobe varied considerably in extent between in-
dividuals. In one dog, the changes after two months were so slight
as to leave the lobe only a little reduced in size, somewhat firm and
quite air-containing. Microscopically, the alveoli were everywhere
fully inflated, their epithelium partly desquamated and some of the
septa thickened by fibrosis but without fusion. He found pleural
adhesions in such extent only as attributable to operative trauma.
In his results the initial lesion was regularly hemorrhagic infarction.
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A part of KrampfsL3 l4,15 work dealt with ligation of the pul-
monary artery only and, although no protocols are given, it may be
gathered that the lesions were as variable in degree as those of
Schlaepfer. He, too, obtained hemorrhage in the earlier stages,
and attributed the fibrosis to organization of the extravasated blood.
The ribbons of elastic tissue, as well, were seen, but were attributed
to condensation, rather than to proliferation.
EXPERIMENTAL WORK
Materials and Methods. Dogs of uniform weight (10 to I3
kg.) were employed, and good physical condition beforehand was
ensured by careful selection after isolation under hygienic kennel
conditions for IO days or more. Twenty-eight animals were used,
in three groups. The first group, of 8 dogs, received embolism of
small branches of the pulmonary artery; the second, of i I dogs, had
embolism of the artery supplying oneentire lunglobe; and the third,
comprising 9 dogs, had occlusion by ligature of one lobar artery.
The treatment of the first group was given also to 7 of the second
and to 3 of the third, coincidently. The individual experiments in
the three groups werealternated for the sake ofuniformity in general
laboratory conditions; the order is represented by that of the pro-
tocols below. Following operation, the animals were cared for alike
by standard kennel methods. Their physical condition was noted
daily. The experiments were ended by electrocution (routine in this
laboratory), and planned as to length to allow representation in each
group of time periods of from 2 days to 4 months. Autopsy ex-
amination included gross and histological study of the lungs, with
staining by hematoxylin and eosin, and by Weigert's resorcin-fuchsin
elastic tissue technic.
The small embolus, in most instances, was a lead bird-shot,
0.I5 cm. in diameter, and one was given each animal. In three dogs
of the first group, multiple emboli made of paraffin or of glass and
of the same size were employed. The large embolus consisted of
a wax* cylinder, 1.5 cm. in length and i cm. in diameter.
Preliminary narcosis was given all dogs with morphin sulphate
o.o66 gm. and atropin sulphate O.OOi gm. hypodermatically.
*Sterile surgical bone wax, prepared in tubes by Johnson and Johnson.
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Anesthesia was added in group i with novocain solution, i per cent,
by hypodermic infiltration, and in groups 2 and 3 with ether ad-
ministered by intratracheal insufflation, according to the method of
Meltzer and Auer"9. Positive pressure respiration was obtained as
needed by the Tiegel principle29. Rigid asepsis was used in oper-
ating. The small emboli were introduced into the external jugular
vein; the large emboli into either the right cardiac auricle or the
abdominal vena cava; and the ligature was applied by transpleural
approach. The magnitude of surgical manipulation was rendered
fairly uniform for the members of groups 2 and 3, and this factor
was minimized in group i. Manipulations were as follows:
Embolism via jugular vein: The right external jugular vein
was exposed andligated. The lumen was opened at a point proximal
to the ligature, and the embolus was inserted and projected toward
the heart with an injection of saline by syringe. A second ligature
closed the vein, and the wound was sutured.
Embolism via vena cava: The abdomen was opened through
a right rectus incision. The vena cava was isolated and ligated at a
point 5 cm. below the entrance of the right renal vein. The lumen
was opened just proximal to the ligature, and the embolus was in-
serted and projected toward the heart by an energetic injection of
saline. The vein was religated and the abdominal wound sutured.
Embolism via.auricle: The chest was opened in the fourth inter-
costal space on the right. The pericardium was incised and the
right auricular appendage delivered. Its wall was seized with for-
ceps at four points in a square. A stab incision was made through
the auricular wall at a point between the forceps, and the embolus
quickly inserted. Bleeding was controlled by pressing the forceps
together until a ligature could be applied to close the wound. The
pericardium was then repaired and the chest closed, with the lungs
left fully inflated.
Ligation: The chest was opened by incision through the sixth
intercostal space, on one side or the other. The pulmonary artery
to one lunglobe (lowerlobe on the left and either lower or accessory
lobe on the right) was isolated at the hilus and ligated, with great
care to avoid injury to the neighboring tissues. The lungs were
then fully expanded and the chest closed by suture.
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Results. Three dogs were lost in developing the operative
methods. These were replaced, and thereafter the operations were
well-borne. No cardiorespiratory symptoms appeared to indicate
obstruction to the lesser circulation, although occlusion of the in-
ferior vena cava resulted in some cases in visible dilatations of the
abdominal wall veins. One dog presented marked and transient
swelling of the hind legs. Wounds healed per primam, as a rule.
Unusual postoperative symptoms that arose will be described with
the summaries of protocols that follow.
Dog z. Ligation. At 3 days, recovering satisfactorily; sacrificed.
The wound was free from inflammatory reaction. The pleural cavity con-
tained about 25 cc. of serosanguineous fluid. The lungs as a whole were slightly
congested, and otherwise the changes were confined to the right lower lobe.
The pulmonary artery to that lobe was found completely occluded by the ligature,
and the lobe was swollen, heavy, airless and dark red. The surface was covered
with a shaggy layer of fibrin. The parenchyma cut with increased resistance, and
the cut surface was bulging, dry, granular and reddish-black with ierpiginous streaks
of yellowish-grey. Microscopic examination showed the parenchyma densely
infiltrated with blood in all parts. The tissues lying in the neighborhood of large
bronchi and constituting about one-half of the fields carried the nuclear stain,
while wide fields of parenchyma in the periphery presented the shadow appear-
ance of recent necrosis. All vessels were engorged. The pleura was covered for
the most part with a thick fibrin layer.
Summary: Occlusion by ligature of pulmonary artery of right lower lobe,
with diffuse hemorrhagic consolidation, focal necrosis and fibrinous pleurisy
(hemorrhagic infarction); general pulmonary congestion.
Dog 2. Embolism via auricle; embolism via jugular vein. At 3 days, re-
covering satisfactorily; sacrificed.
The wound showed no infection and the pleura was free from fluid. The
lungs were everywhere somewhat congested. The large embolus was found
filling completely the pulmonary artery of the right lower lobe, and the small
embolus lay within the body of the right middle lobe and obstructed a lesser
branch of the arterial tree. The right lower lobe was somewhat larger and
heavier than normal, and with a bluish-red, dull surface. The tissues were air-
containing save for one area of the anterior aspect, 2 cm. in diameter, which was
raised, reddish-black, firm and sharply demarcated. Microscopically, the appear-
ance was normal in most portions of the lobe. Slight capillary dilatation and
patches of emphysema here marked the only changes. Certain regions were greatly
altered, and appearances of two types were presented. In the first, hemorrhagic
consolidation extended over areas of several low-power microscopic fields with
foci of necrosis in the center and a surrounding edematous zone, the alveoli
filled with clear fluid. In the second type, which bordered on the first, hemor-
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rhage was lacking, and the tissues were consolidated through the massive accumula-
tion in the air spaces of swollen epithelial cells, macrophages and tissue debris.
The desquamation affected alveoli and bronchioles alike. The smaller blood vessels
were markedly dilated and congested (Fig. i). Over the consolidated parts, the
pleura carried a thin layer of fibrin. Distal to the site of the small embolus the
right middle lobe presented a pyramidal area extending to the pleural surfaces,
which was evidently the distribution of the occluded vessel, marked by changes
similar to those just described. The surface was somewhat elevated, with reddish-
black flecks, and firmer than the surrounding tissues. The demarcation was in-
distinct. Section showed the dark mottlings to extend as streaks of the same color
into the lung cortex. Elsewhere, the embolized zone was light red and without
other point of differentiation. Microscopic examination showed capillary con-
gestion to be the only alteration in most parts of this zone, but here and there
beneath the pleura were areas of hemorrhagic extravasation with central necrosis,
varying in size from a fraction to a whole low-power microscopic field, and others
whose air spaces were choked with cast-off epithelium, wandering cells and debris.
The lungs elsewhere presented none of these changes, save for diffuse slight dila-
tation and engorgement of the capillaries. Two sections included small foci of
polymorphonuclear leukocytic consolidation of the parenchyma, and here the
bronchioles were filled with exudate of the same type. The gross appearances
had not been noted.
Summary: Occlusion by embolus of pulmonary artery of right lower lobe,
with focal hemorrhage, necrosis and edema, alveolar and bronchiolar desquamation,
emphysema and fibrinous pleurisy, and general congestion; occlusion by embolus
of pulmonary arteriole within right middle lobe, with the same changes in less
degree; bronchopneumonia and general pulmonary congestion.
Dog 3. Ligation; embolism via jugular vein. At 5 days, recovery advanced;
sacrificed.
The wound was without evidences of infection. Fibrinous adhesions attached
the lung to the chest wall along the line of the wound. The pulmonary artery
supplying the right lower lobe was found tightly ligated, while the small embolus
lay deeply embedded in the left lower lobe, occluding a branch of the pulmonary
artery which supplied about one-third of the lobe. The lungs as a whole were
somewhat heavier and redder than normal, and changes of interest were limited
to the parts with vessel obstruction. The right lower lobe was a little larger than
hormal, deep red and extensively consolidated. The pleura was smooth and dull.
Section was accomplished with increased resistance, and the cut surface was promi-
nent, dry and dark red, with streaks of reddish-black coursing from the pleura
irregularly toward the hilus. Histologically, the tissues were airless in most part
and with alternate, wide areas of hemorrhage and of atelectasis. In the former,
closely packed and well-preserved erythrocytes filled alveoli and interstitial spaces
alike, and in scattered foci lying distant to the larger air passages the parenchyma
showed the shadow appearance of recent necrosis. Atelectasis occurred in patches
of a few alveoli, as well as in zones of greater extent, and here, in addition toYALE JOURNAL OF BIOLOGY AND MEDICINE
collapse of the alveolar walls, there was a tendency to accumulation of epithelial
and phagocytic cells in the lumina. The walls were widened by the presence of
dilated capillaries engorged with erythrocytes in rouleau formation. Extravasated
red cells were occasionally to be seen, but hemorrhage and necrosis were notably
absent in these parts. The smaller bronchioles were everywhere occluded with
cellular debris and presented denuded, edematous walls. The pleura was thinly
covered with fibrin. The left lower lobe showed a roughly pyramidal area, firm,
red and elevated, which corresponded to the distribution of the embolized vessel.
The margins were indistinct and merged with relatively normal neighboring lung.
The cut surface was moist and uniformly red. Microscopically, the tissues of
the embolized zone were mostly air-containing and without other change than
capillary congestion. The cortex presented occasional patches of atelectatic collapse,
and here and there desquamated epithelium choked the alveolar and bronchiolar
lumina. Hemorrhage was found at one point only and in the form of a hematoma,
which split the parenchyma apart as a wedge and extended from the pleura for
several millimeters into the cortex. The blood spread out somewhat on either side
beneath the pleura, separating it from the parenchyma.
Summary: Occlusion by ligature of pulmonary artery of right lower lobe,
with focal hemorrhage and necrosis, atelectasis and desquamation of alveolar and
bronchiolar epithelium, fibrinous pleurisy and general congestion; occlusion by
embolus of pulmonary arteriole within left lower lobe, with the same changes in
less degree; general pulmonary congestion.
Dog 4. Embolism via auricle; embolism via jugular vein. At 5 days recovery
advanced; sacrificed.
The wound was without appearances of infection. A few adhesions attached the
lung to the inner aspect of the wound. The lungs gave a normal appearance ex-
cept for the right lower lobe, whose pulmonary artery was completely occluded
by the wax embolus, the lower wing of the middle lobe, likewise affected by this
embolus, and the medial wing of the accessory lobe, which contained the small
embolus. The second and third of these regions of vascular occlusion were sharply
demarcated from the relatively normal adjacent parts of their lobes. These three
lesions were identical as to the gross and microscopic appearances (Fig. 2), and may
be described as follows: The parts were swollen, heavy, non-crepitant and covered
with a shaggy, greenish-yellow fibrinous exudate. Section was performed with in-
creased resistance, and the cut surface was bulging, dry and granular. Serpiginous
markings of yellowish-green interrupted the background of reddish-black. His-
tological examination showed the tissues everywhere densely infiltrated with blood,
except where, in the deeper regions, clear fluid flooded them. The structure of
the lung remained intact and with normal staining properties in the neighborhood
of the larger bronchi, septa and pleura, and presented wide fields of shadow ap-
pearance without nuclear staining in parts made up of alveoli and bronchioles alone.
The bronchioles were everywhere disorganized, fragmented, and filled with loose
lining-cells stripped from their walls, as well as blood cells and tissue debris. In
the edematous regions the alveoli could be seen likewise to be denuded of epithelial
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bronchioles are filled with desquamated epithelium and macrophages.
1/
alveoli and
.1"'
LFig. 2.-Dog 4. Right lower and mniddle lobes, 5 days after embolism. The entire lower, and the right half of the
e lobes are swollen, consolidated, and covered with rough, greenish-yellow fibrin. The pulmonary artery is shown
ing the embolus, and a probe indicates the patency of branches to the left half of the middle lobe.
"I
i
I.,Fig. 3.-Dog 5. Accessory lobe, 10 days after ligation. The upper half of the
field is obliterated by proliferation of young fibroblasts. The lower half presents
partially and completely collapsed alveoli with desquamated epithelium.
Fig. 4.-Same field as Fig. 3, stained for elastic tissue. The upper, fibrous half has
the elastic tissue outlines of collapsed alveoli as well defined as those in the lower,
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lining and holding these cells in their lumina. The pleura was deeply covered
with fibrinohemorrhagic exudate. Large bronchi were in striking contrast to the
widespread evidences of tissue devitalization, for they maintained perfectly the
structural and staining characteristics. Their lumina were filled with hemorrhagic
exudate.
Summary: Occlusion by embolus of pulmonary artery of right lower lobe
and parts of right middle and accessory lobes, with diffuse hemorrhage and necrosis
(infarction), alveolar and bronchiolar degeneration, edema, fibrinous pleurisy and
general congestion; general pulmonary congestion.
Dog 5. Ligation; embolim via jugular vein. Sacrificed at io days.
The wounds were healed. Firm adhesions fastened the lung to the inner
aspect of the chest wound. The pulmonary artery to the accessory lobe was found
ligated, while the embolus was to be felt well within the lower wing of the left
upper lobe, and these parts presented the only gross changes in the lungs. The
body of the accessory lobe was swollen, firm and dark red with reddish-black
mottlings. It cut with resistance and showed a dark red, prominent, dry surface,
with small flecks of greenish-grey. The wings of the lobe were in marked con-
trast to the body, for they were air-containing and light salmon-pink, with tiny
mottlings of deep red upon the pleural and cut surfaces. Microscopically, the body
was found to be consolidated in most parts. Areas of hemorrhage alternated ir-
regularly with others of atelectatic collapse in the superficial regions, while border-
ing upon these the tissues were filled with clear fluid, and more deeply toward the
hilus the parenchyma was air-containing and emphysematous. Foci of necrosis were
seen at the centers of some zones of hemorrhage. A new feature was fibroblastic
proliferation. At places in the cortex, sheets of young connective tissue cells over-
ran the parenchyma (Fig. 3). The cells presented a dense, parallel arrangement,
and appeared to select those parts of the parenchyma already atelectatic and de-
nuded of respiratory epithelium, for the latter conditions were regularly present in
immediately adjacent alveoli, and special staining demonstrated among the fibro-
blasts the intact elastic tissue framework of collapsed alveolar sacs (Fig. 4). Regions
of hemorrhagic extravasation displayed no fibrous tissue proliferation. The small
air passages were everywhere poorly preserved, their walls fragmented and their
lumina choked with epithelium stripped from the walls, but the larger bronchioles
and bronchi retained conspicuously their normal structure. Capillary engorgement
was prominent. The pleura was covered with fibrin in a thick layer, and where
this exudate overlaid fibrotic parts, it was invaded and organized by fibroblasts from
beneath. Abount one-half of the lower wing of the left upper lobe was involved
by the embolus, and this part was sharply demarcated and deep red with reddish-
black mottlings. The cut surface was bulging, dry and reddish-black. Micro-
scopically, the tissues were mostly consolidated, either with hemorrhage or with
atelectasis, and the picture was indistinguishable, both in type and extent, from that
just described. The lungs elsewhere showed diffuse, slight capillary dilatation and
no other minute alterations.
Summary: Occlusion by ligature of pulmonary artery of accessory lobe, with
focal hemorrhage and necrosis, atelect.ois and fibrosis, and fibrous pleurisy, and374 YALE JOURNAL OF BIOLOGY AND MEDICINE
diffuse alveolar and bronchiolar degeneration and capillary congestion; occlusion
by embolus of pulmonary arteriole within left upper lobe, with the same altera-
tions; general pulmonary congestion.
Dog 6. Embolinm via auricle; embolism via jugular vein. At io days, fully
recovered; sacrificed.
The wound was healed and the lung attached firmly to it. The large em-
bolus was found to have lodged in and completely occluded the artery to the left
lower lobe, and the small embolus lay within the right lower lobe obstructing one
segment of its vascular bed. The changes in these regions were the only ones of note
in the lungs. The left lower lobe was swollen to twice its size and was heavy, airless
and dark red. Section showed the parenchyma to be solid, bulging, granular and
dark red. The larger bronchi were filled with blood-tinged froth. Microscopic
examination revealed uniform hemorrhagic extravasation in all parts. Widespread
necrosis involved the peripheral regions of the lung, and elsewhere, particularly in
the neighborhood of large bronchi and immediately beneath the pleura, the tissues
retained their normal staining qualities and, although infiltrated with closely packed
corpuscles, displayed no change or reaction. The air passages were filled with blood.
A thin mantle of fibrin covered the pleura. The right lower lobe presented a
swollen zone occupying the part distal to the embolus, with surface mottlings of
dark red. Section showed the parenchyma in this region to be dry and red, and to
be streaked with dark red near the pleural surface. The outlines of the lesion were
very indistinct, and shaded imperceptibly into the normal appearing tissues of the
lobe on all sides. Microscopic examination of this section revealed areas of dense
hemorrhagic infiltration alternating irregularly with others which were partially
air-containing. These changes were chiefly near to the pleura, and the interior
of the lung was affected only by patchy emphysema, edematous distention of a
few alveoli, and capillary congestion. Many of the collapsed or partially collapsed
alveoli in the cortex contained cast-off epithelial cells and other phagocytic cells, and
the bronchioles everywhere presented marked evidences of degeneration, with
fragmentation and denudation of the walls and occlusion of the lumina. Fibrin
lay upon the pleura in a thin coating.
Summary: Occlusion by embolus of pulmonary artery of left lower lobe, with
diffuse hemorrhage, necrosis and fibrinous pleurisy (infarction); occlusion by em-
bolus of pulmonary arteriole within right lower lobe, with focal hemorrhage, edema,
atelectasis and emphysema; diffuse degeneration of bronchioles, and fibrinous
pleurisy.
Dog 7. Ligation. Sacrificed at 20 days.
The wound was healed. There were no pleural adhesions. The artery to
the accessory lobe was found ligated, and the lobe was somewhat smaller and
firmer than normal, light red, smooth and glistening, and everywhere crepitant,
save for several small areas at the tip of one wing and at the hilus, which were
reddish-black, raised and firm. Section showed the parenchyma to be red and
without other change, except for streaks of the dark red tissue extending from theLUNG CHANGES AFTER OCCLUSION 375
pleura into the cortex for a few millimeters. Under the microscope, the tissues were
seen to be little altered. Near the pleura were patches of collapsed alveoli and
alternate patches of emphysema. (Sections which included the hemorrhagic foci
were lost.) Elsewhere the lungs were normal.
Summary: Occlusion by ligature of pulmonary artery of accessory lobe, with
focal hemorrhage, atelectasis and emphysema.
Dog 8. Embolism via vena cava; embolism via jugular vein. After operation
for two weeks the dog coughed, ate poorly, and was indisposed. The hind legs
became markedly swollen within 24 hours, and then gradually returned to normal.
Enlarged veins developed in the belly wall. Sacrificed at 20 days.
The wound was healed and the pleura free from adhesions. The large embolus
was discovered filling the pulmonary artery of the left lower lobe in such a position
as to obstruct the blood supply to all but the first small side branch which led
to the lobe's medial margin. The medial wing of the accessory lobe contained the
small embolus. These parts presented the only changes of note. The left lower
lobe was somewhat smaller than normal and red, mottled with reddish-black and
green. The surface was smooth and glistening, and the consistency lumpy and firm.
Section showed a dry, smooth surface that retracted in some parts and protruded
in others. The color was uniformly dark red, except for greenish-grey streaks ex-
tending from the pleura for several millimeters into the lung. Microscopically,
the tissues presented a widely varying appearance, for regions solidified by alveolar
collapse and fibrosis bordered abruptly upon others which gave a normal appearance
or were characterized by overinflation of the alveoli. The atelectasis was found
principally in the cortex, distributed in bands that underlaid the pleura and dipped
at angles into the lung, or in patches of irregular size and without particular dis-
tribution. The central parts of these areas were commonly the seat of dense
fibrous tissue, which obliterated all traces of lung structure, except as special stains
demonstrated the elastic tissue component of the septa, embedded in fibroblasts
and retaining the fenestrated arrangement of alveoli or compressed into dense
ribbons. Fig. 5 illustrates the composition of one of the atelectatic bands in its
passage through the parenchyma. The core was dense and hyalinized in part,
the adjacent tissues more fibrous and rich in nuclei, and the margins made up of
fully collapsed or partially inflated alveoli without fibrosis. Beyond these, in turn,
the air spaces were mostly emphysematous. Anthracotic pigment was plentifully
clustered in the band formations, and less so in the parenchvma elsewhere. Small
bronchioles were rarely to be seen in the sections, and where found were largely
disintegrated and occluded with debris, represented by groups of epithelial cells and
fragments of denuded and hyalinized wall. In contrast, the larger airwavs re-
tained their structure perfectly, except where they were included within the fibrous
bands and distorted by compression. No invasion of these passages by fibrous tissue
was seen. In many instances the bronchi were accompanied by abnormally enlarged
arterioles (bronchial). The pulmonary arterioles showed mural hyalinization,
and their lumina contained blood cells without thrombosis or organization. Ex-
travasation of blood was altogether lacking. Distal to the small embolus in the
accessory lobe, the tissues showed no gross change, save for a slight blush and a few376 YALE JOURNAL OF BIOLOGY AND MEDICINE
yellowish-green streaks running through the parenchyma toward the hilus. Mi-
croscopically, the appearance was characterized by alternate patches of atelectasis
and emphysema, scattered chiefly through the cortex. Fibrosis was lacking, and the
changes were in other respects the same but in less extent than have been described
for the left lower lobe.
Summary: Occlusion by embolus of pulmonary artery of left lower lobe, with
focal atelectasis, fibrosis and emphysema, and diffuse bronchiolar, alveolar and vas-
cular degeneration, and hypertrophy of the bronchial vessels; occlusion by embolus
of pulmonary arteriole within accessory lobe, with focal atelectasis and emphysema,
and diffuse bronchiolar and vascular degeneration.
Dog 9. Ligation; embolism via jugular vein. Sacrificed at 30 days.
The lateral surfaces of the right lower and accessory lobes were adherent to
the chest wall over a considerable area and were detached with difficulty. The
artery to the accessory lobe was found closed by ligature, and the embolus was in the
right upper lobe. The lungs were normal but for changes in the regions with
vessel occlusion (Fig. 6, A). The accessory lobe was fluffy and pale, except for the
medial wing, where the distal two-thirds was greatly shrunken, slate-grey, hard
and sharply demarcated. Section showed the same contrast between the air-con-
taining and solidified regions. The firm grey tissue extended as a mantle several
millimeters in thickness over the parenchyma, and elsewhere the lung was emphy-
sematous in appearance. Histological examination showed normal or emphysematous
parenchyma in one part and a cirrhotic transformation of another, where wide
avenues of fibrous tissue underlined the pleura and dipped into the lung, coursing
in all directions, crossing and recrossing each other, to divide it into lobules of odd
sizes and shapes. These bands presented a common structure, with a central hy-
alinized zone, layers on either side of densely and longitudinally arranged fibrous
tissue rich in nuclei and with round-cell infiltration, and margins of atelectatic air
sacs without proliferation. Elastic tissue preparations indicated in the bands a
rich component of these fibrils, which in the center were loosely composed, frag-
mented and without arrangement, in the second layer closely compressed in longi-
tudinal distribution, and in the margins with the fenestrated structure of collapsed
alveoli. The "lobules" between the bands consisted of alveoli, which were altered
only as regards degree of inflation, with variation from partial collapse to extreme
overdistention, thinning of septa and rupture. Desquamation of epithelium was
seen only in alveoli bordering upon the bands. Intact bronchioles were exceedingly
rare, and these structures were represented by fragments of hyalinized walls and
tufts of epithelium. Distal to the site of the embolus in the right upper lobe,
the lung was shrunken in patches, hard, dark grey and in marked contrast to the
abnormally fluffy adjacent parenchyma (Fig. 6, B). The gross and microscopic
appearances were precisely the same as those of the accessory lobe.
Summary: Occlusion by ligature of pulmonary artery of accessory lobe, with
focal atelectasis, fibrosis and emphysema, and diffuse bronchiolar degeneration;
occlusion by embolus of pulmonary arteriole within right upper lobe, with the
same changes.Fig. 5.-Dog 8. Left lower lobe, 20 days after embolism. Through the field runs
an atelectatic and fibrous band. The fibrous tissue is mnature and partly hyalinized.
Emphysematous alveoli lie on both sides.
B A
Fig. 6.-Dog 9. 30 days. A) Ligated accessory lobe. One wing is shrunken,
atelectatic and fibrous, and the other is enlarged and emphysematous. B) Embolized
portion of right upper lobe. The same changes are presented.
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Dog Io. Embolism via vena cava. The operation was followed by a cough
and an unusual degree of indisposition for about IO days. Sacrificed at 30 days.
The lung was firmly bound to the inner aspect of the wound. The embolus
completely obstructed the artery to the right lower and accessory lobes. These
lobes presented the only pulmonary alterations; they were enlarged and dark red.
At the tip of the lower lobe was a small area, which was depressed, precisely
bordered, firm and dark grey. Section showed the parenchyma to be retracted, dry,
dark red and air-containing, save for the tissues just referred to, which penetrated
for only one or two millimeters. Histologically, the tissues were composed about
equally of parts air-containing and those consolidated with exudation or atelectasis.
The first were situated chiefly in the interior of the lung, and here patchy em-
physema was the only abnormality. Areas occupying fractions or the whole of the
high-power microscopic field and situated in the cortex were densely infiltrated
with blood; the corpuscles were well-preserved, and the tissues totally lacking in
reaction to their presence. Next to these, lay areas of partial or complete alveolar
collapse, and the air spaces frequently contained desquamated epithelium and other
cells exhibiting a degree of phagocytosis. The central portions of the atelectatic
patches often were obliterated by mature fibrous tissue, partly hyalinized. The
bronchioles in these regions were few and mostly fragmented.
Summary: Occlusion by embolus of pulmonary arteries of right lower and
accessory lobes, with focal hemorrhage, atelectasis, fibrosis, emphysema and bronchi-
olar degeneration.
Dog iz. Ligation. A dry cough appeared on the third day and continued
for 2 weeks. Sacrificed at 6o days.
The wound was healed and with adhesions to the underlying lung. The only
other changes were with respect to the accessory lobe. Its artery was closed by the
ligature, and the lobe was about half the usual size. The surface was somewhat
pale and fluffy and with a few small areas deeply depressed, grey and firm. In-
cision showed these areas to be quite superficial, and the tissues otherwise appeared
normal. With the microscope, the cortex of the lung was found to be em-
physematous, and the only other change occurred in the case of the depressed
areas seen grossly. Here, the lung was atelectatic and fibrosed in bands, which
underlined the pleura and sent septum-like projections into the parenchyma be-
neath. The construction of these bands was much as has been described in previous
protocols, except that anthracotic pigment was particularly plentiful.
Summary: Occlusion by ligature of pulmonary artery of accessory lobe, with
focal atelectasis, fibrosis, bronchiolar degeneration and emphysema; marked general
pulmonary anthracosis.
Dog 12. Embolism via vena cava. Sacrificed at 53 days.
There were no pleural adhesions. The pulmonary artery supplying the right
lower and accessory lobes was found to be occluded by the embolus. The lower
lobe was somewhat small. Parts of its surface were emphysematous and fluffy,
and others, sharply demarcated from these, were deeply depressed, firm and dark
red or slate-grey. On section, the parenchyma was mostly air-containing andYALE JOURNAL OF BIOLOGY AND MEDICINE
streaked with red or grey solid tissue extending inward from the pleura. Mi-
croscopically, air-containing and consolidated parts alternated with each other, to
make up about equal proportions. In the cortex and along the lobe margins was
extreme emphysema, with rupture of the thinned and atrophic alveolar septa, and
frequently adjacent to these lay patches of collapsed alveoli, with a central fibrosis
which obliterated the lung structure. Other parts presented fibrosis of a type not
hitherto met, for the proliferated connective tissue limited itself to the individual
alveolar septa, thickening them and stenosing the lumen but seldom fusing one
septum to another (Fig. 7). Small accumulations of extravasated blood were to be
seen here and there beneath the pleura; the corpuscles were well preserved and the
tissues without reaction. There was advanced degeneration of the bronchioles in
all parts, with partial loss of epithelium and a disappearance of entire segments of
the walls. The larger air passages were intact and accompanied by dilated
(bronchial) vessels. The larger blood vessels (pulmonary) were usually hyalinized
and partially collapsed. The pleural membrane was thickened and fibrous in many
places. These same changes were found in the accessory lobe. Elsewhere the
lungs were normal.
Summary: Occlusion by embolus of pulmonary artery of right lower and
accessory lobes, with focal atelectasis, fibrosis, ecchymosis and emphysema; diffuse
bronchiolar and vascular degeneration and fibrous pleurisy.
Dog I3. Embolism via auricle. Sacrificed at 6o days.
The lung was firmly fastened by adhesions to the wound margin. The
embolus was found totally occluding the artery supplying the right lower lobe,
and here appeared the only changes of note (Fig. 8). The lobe was markedly
shrunken and firm, with a smooth and glistening surface. Pat-ches and irregularly-
shaped areas of dark grey mottled the pleura and extended for one or more
centimeters into the cortex, with streamers passing inward to the hilus. These
parts were dry, depressed and airless, and stood in sharp contrast to the adjoining
pink and air-containing lung parenchyma. Microscopically, the lobe was found
to be divided into air-containing lobules of bizarre proportions by heavy bands of
dense fibrous and hyaline tissue, which coursed through it in a network and ap-
peared to spring from a wider strip underlining the pleura. The bands contained
elastic tissue, which was densely packed in longitudinal arrangement and without
alveolar structure. At the margins, transition to air-containing, emphysematous
alveoli was abrupt. No exudate was to be seen. Small bronchioles had practically
disappeared from the lung, and chiefly consisted of hyalinized fragments of
partly denuded walls. The larger airways were well preserved and of normal
appearance, except where, as frequently occurred, they lay within the scirrhotic
bands and suffered compression and distortion. Large vessels also commonly met
distortion in this way. No instance was seen of invasion of these structures by
fibrous tissue. In most places, the pleura was thickened and fibrous.
Summary: Occlusion by embolus of pulmonary artery of right lower lobe,
with focal atelectasis, fibrosis and emphysema; bronchiolar degeneration, and
fibrinous pleurisy.
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Dog z4. Ligation. After operation the dog was listless and without appe-
tite for an unusually long period. There was pronounced dyspnea for 2 weeks.
At 5 days, abortion occurred. The wound was superficially infected and required
3 weeks for healing. Sacrificed at IOO days.
The lung on the operated side (right) was found to be collapsed in the lower
half of the chest by the presence in the pleural cavity of about 250 cc. of thick,
sanguinopurulent fluid and a gauze sponge (lost at operation). Here the pleural
surfaces were enormously thickened and included parts of the upper, middle and
lower lobes. The pulmonary artery supplying the accessory lobe was closed by the
ligature, and this lobe was small and firm, although partly air-containing. His-
tologically, patches of atelectasis and hemorrhage were scattered throughout the
otherwise aerated and emphysematous parenchyma. The hemorrhage served to
consolidate areas as large as one-half of a low-power microscopic field. The cor-
puscles were as well preserved as though freshly deposited, and the tissues were
without reaction to their presence. Bronchiolar disorganization was present to a
relatively slight extent. Other lung lobes on the right presented extensive areas of
atelectasis and an extremely thick and fibrous pleura infiltrated with polymorphonu-
clear leukocytes. There were here no hemorrhages or other lesions.
Summary: Occlusion by ligature of pulmonary artery of accessory lobe, with
focal atelectasis, hemorrhage, emphysema and bronchiolar degeneration; chronic
empyema of right pleural cavity, with compression atelectasis and fibrous pleurisy of
the right lung.
Dog 55. Embolism via vena cava; embolism via jugular vein. Sacrificed at
90 days.
The large embolus was found to fill the pulmonary artery supplying the right
lower and accessory lobes, and the small embolus occluded one of the arterial branches
in the right upper lobe. The corresponding parts of the lungs presented the only
features of interest. The lower lobe was greatly distorted by the presence in its
center of a globular swelling, 7 cm. in diameter (Fig. 9). The swelling occupied
the entire circumference and had a smooth, brownish, translucent and fluctuant sur-
face. The remainder of the lobe was compressed and insignificant in size, but other-
wise without change. Section demonstrated the swelling to be a single cyst, without
contents, with smooth and faintly trabeculated surface and soft, paper-thin walls.
No orifice could be found connecting the cavity with the bronchial tree. The
tissues appeared normal. Microscopically, the wall of the cyst was composed of
compacted and stretched parenchyma, and lacked any vestige of epithelial lining,
fibrosis or inflammation. The adjacent lung presented patches of atelectasis and a
moderate amount of fragmentation of the bronchioles. Except for the cyst, the
same description applies to the accessory lobe and to an area, indefinitely defined,
which lay distal to the small embolus in the right upper lobe.
Summary: Occlusion by embolus of pulmonary artery of right lower lobe,
with focal atelectasis, bronchiolar degeneration and parenchymatous cyst formation;
occlusion by embolus of pulmonary artery of accessory lobe and of arteriole within
right upper lobe, with focal atelectasis and bronchiolar degeneration.YALE JOURNAL OF BIOLOGY AND MEDICINE
Dog x6. Embolism via vena cava; embolism via jugular vein. The dog
coughed considerably from the third to about the fifteenth day, had a poor appetite
and was unusually quiet. Sacrificed at IOO days.
The pleura was free from adhesions. The large embolus was discovered in the
main artery to the left lower lobe, occluding this and a branch supplying the lower
margin of the upper lobe, while the small embolus occluded a branch artery within
the upper wing of the left upper lobe. Changes were limited to these parts, and
the demarcations between these and the free portions of the lobes were indistinct.
The changes were so nearly the same in type and degree as to permit description
together. The tissues were shrunken to a slight degree, and were salmon-pink with
depressed mottlings of greenish-grey. They cut with increased resistance, and the
cut surface was dry, retracted and mottled in a manner similar to that of the pleura.
Microscopically, the lung was mostly air-containing and presented scattered patches
of atelectasis alternating irregularly with others of emphysema. These were largely
confined to the cortex. In some places, among partially or completely deflated air
sacs, the alveolar septa were thickened by fibrosis and the lumina stenosed. Marked
fragmentation and distortion involved the smaller air passages with loss of parts of
the walls and hyalinization of the sections remaining. The large (pulmonary)
vessels showed hyalinization and partial collapse, and they contained unaltered blood.
Summary: Occlusion by embolus of pulmonary artery of left lower lobe and of
arterioles of left upper lobe, with focal atelectasis, fibrosis and emphysema, and
bronchiolar and vascular degeneration.
Dog 17. Ligation. Sacrificed at 105 days.
A few fibrous adhesions bound the lung to the inner aspect of the wound. The
ligature closed the pulmonary artery to the accessory lobe, and that lobe was enlarged,
dark red, smooth and firm. At one point in the periphery there was a discrete,
reddish-black area. The cut surface was flat, dry, granular and dark red. Micro-
scopic examination showed the parenchyma to be densely infiltrated with extravasated
blood (Fig. io). The corpuscles were perfectly preserved and gave the impression
of being freshly deposited, while the tissues embedded in the blood presented a
normal structure, without proliferation or other reaction. Deeply within the lung,
there were areas which lacked hemorrhage, and here patches of atelectasis thickly
dotted the otherwise normally inflated or emphysematous parenchyma. The small
bronchioles were rarely seen and were severely fragmented, and the larger blood
vessels were regularly hyalinized. The pleura was thin.
Summary: Occlusion by ligature of the pulmonary artery of accessory lobe,
with diffuse hemorrhage, focal atelectasis and emphysema, and bronchiolar and
vascular degeneration.
Dog I8. Embolism via vena cara; embolism via jugular vein. Sacrificed at
114 days.
The pleura was free from adhesions. The large embolus was found in the
pulmonary artery on the left, in such a position as to obstruct the blood supply to the
lower lobe and lower wing of the upper lobe. Thy' small embolus occluded an
380Fig. 9.-Dog 15. Right lower lobe, 90 days after embolism, shown in section.
A thin-walled cyst occupics imiost of the lobe. Above, is the pulmonary artery, oc-
cluded by the embolus (white object).
Fig. 10.-Dog 17. Accessory lobe, 105 days after ligation. XVell-preserved erythro-
cytes lie in the interstitial and alveolar spaces, and the tissues lack fibrosis or other
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arteriole supplying a portion of the upper wing of the left upper lobe. The lower
lobe was somewhat reduced in size and was flecked with greenish-grey. The
tissues cut without increased resistance, were dry, retracted and likewise flecked.
Microscopic examination showed a partially aerated parenchyma, with cortical
patches of atelectasis thickly scattered about, each no larger than one high-power
microscopic field. Elsewhere, the alveoli were normally inflated, except for
regions in the subpleural and marginal parts, where marked emphysema presented
itself, and other regions, without particular distribution, with fibrotic thickening
of individual alveolar septa and luminal stenosis. Fusion and band formation were
absent. Bronchiolar fragmentation was moderately severe in all parts of the lobe,
as was hyalinization of the walls of the larger vessels; while the large airways
were perfectly preserved, and the vessels in company with them were abnormally
prominent. The pleura was normal. The other embolized parts showed alterations
of the same type and degree. The demarcation from the neighboring tissues was
indistinct.
Summary: Occlusion by embolus of pulmonary artery of left lower lobe and
of arterioles of left upper, with focal atelectasis, fibrosis and emphysema, and
bronchiolar and vascular degeneration, and hypertrophy of bronchial vessels.
Dog Ig. Ligation. Cough for a few days after operation. Sacrificed at I123
days.
Fibrous adhesions bound the lung to the line of the wound. The ligature was
found completely occluding the pulmonary artery to the accessory lobe, and the
alterations of interest were limited to that part. The lobe was about one-third
normal size, and firm. One wing was more shrunken and presented depressed, grey
flecks, while the tip was uniformly dark grey, contracted, hard and airless. Section
showed the grey areas to extend one or two millimeters into the cortex, and from
there streaks of the same tissue ran morc deeply into the parenchyma and disappeared.
Microscopic study showed the lung to be lined and divided into lobules of irregular
shape and size by wide fibrous bands of the sort described in the preceding protocols.
The alveoli between them were mostly overinflated and revealed atrophic and rup-
tured septa. Large sections of the lobe were quite free from band formation, and
here another type of cirrhosis was frequently seen in parts lying near the pleura, i.e.,
fibrous thickening of alveolar septa and luminal stenosis. Disruption and hyaliniza-
tion of small bronchiolas was prominent in the regions with atelectasis, and rarely
seen elsewhere. Moderately extensive emphysema affected the margins of the lungs
and occurred in patches in most subpleural regions.
Summary: Occlusion by ligature of pulmonary artery of accessory lobe, with
focal atelectasis, fibrosis, emphysema and bronchiolar degeneration.
Dog 20. Embolism via auricle. Sacrificed at I35 days.
A few fibrous adhesions joined the right lower and accessory lobes. The
embolus occluded the pulmonary artery to the right lower lobe, and this part of
the lung, shrunken to about one-half the normal size, was firm and irregular in
consistency. Its salmon-pink surface was mottled with depressed, grey scars. The
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parenchyma was unusually resistant and gritty to section, and showed the scarred
areas to penetrate into the lung nearly to the hilus, transforming it into a cirrhotic
mass. At one place in the periphery was an empty cavity, about i cm. in diameter,
with a smooth and glistening surface and a thick, rigid wall. It presented no com-
munication with the bronchial tree. Microscopically, the lung was found to be
interlaced by heavy bands of scar tissue and divided by them into lobules of thin-
walled and mostly ruptured alveoli. The bronchioles seemed to have disappeared
altogether from the parenchyma, and the larger air passages were contained almost
wholly within and distorted by the fibrous bands. One of the bands, which was of
unusual width, formed the wall of the cyst. There was no epithelial lining.
Summary: Occlusion by embolus of pulmonary artery of right lower lobe, with
focal atelectasis, fibrosis and emphysema, bronchiolar and vascular degeneration, and
parenchymatous cyst formation.
Dogs 21 to 25. Embolism via jugular vein. Sacrificed at io days.
The lungs presented no gross abnormalities, save for the presence of the em-
bolus (onc in each case) lodged within a pulmonary arteriole and blocking the
blood supply to a sector of parenchyma, about one-third to one-fourth of one lobe
in extent. In one dog, as the exception to this, a few minute petechial hemorrhages
occupied the lung margin in the embolized portion. Histologically, all specimens
showed moderate capillary congestion, particularly noticeable in the cortex, while
here and there small clusters of extravasated erythrocytes were found. The ex-
ceptional case mentioned above had congestion and diapedesis of red cells to a
greater degree, and certain areas beneath the pleura were consolidated by focal
hemorrhage. Clear fluid filled a few of the alveoli which bordered upon these
regions.
Summary: Occlusion by embolus of pulmonary arteriole within one lung
lobe, with capillary congestion, focal hemorrhage and edema.
Dogs 26 to 28. Multiple embolism via jugular vein. Sacrificed at 2 days,
directly following examination of the lungs in vivo.
On opening the chest during life (with ether anesthesia and artificial
respiration) IO to I5 emboli were palpated in the peripheral lung tissues,
and the pleural surface immediately distal to each embolus presented a
pale area, which was very sharply demarcated and contrasted with the
neighboring salmon-pink parts, and represented the distribution of the occluded
vessel. A cut made into the pale zone bled scarcely at all. At death, the
color difference disappeared quickly and completely. There were no other gross
changes. Microscopic examination showed varying slight degrees of capillary conges-
tion, and a few extravasated red blood corpuscles were found.
Summary: Occlusion by multiple emboli of pulmonary arterioles within several
lung lobes and in several parts of individual lobes, with ischemia during life and
slight capillary congestion after death.
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SUMMARY
Each of 28 dogs received occlusion of one or more branches of
the pulmonary artery by embolism or ligation. The vessel to an
entire lung lobe was shut off 13 times by embolus and nine times by
ligature, while arterioles in the lung periphery were embolized 21
times. Both embolism and ligation were carried out in threedogs. All
lunglobes wereaffected, in onecase or another, byembolic occlusion;
and ligation was applied to the right or left lower lobe or accessory
lobe. The surgical operations employedwere insignificant in severity
in eight dogs, where embolism was used, and in the remainder
amounted to major procedures.
The periods permitted to elapse between operation and sacrifice
varied from 3 to 135 days, with representation by periods in both
embolism and ligation.
Cellular changes developed invariably in the,occluded parts,
andthese were much more severe in thedogswhich hadgonethrough
major surgical manipulations. Small emboli produced less severe
effects, on the whole, than large emboli, although frequently there
was no difference in this regard. The lesions following ligation
could not be distinguished from those of the large emboli.
Lesions produced by all methods of vessel obstruction and under
all circumstances adhered to a single type, and they varied only as
regards the presence, absence ordegree of several components. These
components were atelectasis, emphysema, bronchiolar degeneration,
hemorrhage, necrosis, desquamation of respiratory epithelium,
fibrosis, vascular degeneration, congestion, edema and pleurisy.
The frequency was about in the order named, and the first three
only appearedconstantly (in 20 dogs with major surgical operation).
These components of the lesion may be described compositely, as
follows:
Atelectasis was focal in distribution and seen most frequently
at the periphery. It gave the gross appearance of dark red or grey
solidified spots or mottlings upon the pleura, either slightly or deep-
ly depressed, depending upon the degree of aeration of the ad-
jacent parenchyma. On section, these areas were found to pene-
trate only oneortwomillimetersintothe cortex, or to extendradially
as wedge-shaped streaks more deeply toward the hilus. Micro-
scopically, the appearance was of patches of collapsed alveoli or as
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ribbons underlining the pleura and dipping into the lung beneath,
crossing and recrossing each other and dividing it into unnatural
lobules. In the later stages, these areas were often transformed by
connective tissue proliferation into dense fibrous bands. The amount
of lung shrinkage evident grossly bore a direct proportion, generally
speaking, to the amount of atelectasis.
Emphysema developed after ten days and was extensive in some
of the late specimens. The lung fringes were usually selected, al-
though the distribution was not limited to one part and seemed to be
most regularly in the immediate neighborhood of atelectatic and
fibrous zones. With increasing distention of the alveoli, the septa
were progressively thinned, and were often ruptured with alveolar
confluence.
Degeneration of the smaller air passages occurred as a prominent
feature in regions marked by atelectasis and fibrosis, and it was seen
from the earliest stages. First, there was edema of the walls and
desquamation of the lining epithelium, and these were followed by
fragmentation and loss of parts or the whole of the wall circumfer-
ence. Portions that remained became hyalinized. The lumina of
the surviving bronchioles in these regions were frequently choked
with cellular debris and remained so for many weeks. In striking
contrast to this deterioration of the small air passages, the bronchi
were perfectly preserved at all periods, even where the neighboring
parenchyma was severly damaged with hemorrhage and necrosis.
The bronchi suffered marked compression and stretching as a re-
sult of inclusion in the fibrotic changes of the lung, but no instance
of destruction of the walls or invasion of the lumina by fibrous tissue
was seen.
Hemorrhage occurred very frequently in the early stages, and
varied in extent from slight focal extravasation to massive consolida-
tion of wide areas or the whole of the specimen. The peripheral
regions were usually selected. The central regions of the larger
hemorrhagic zones were often necrotic. Disintegration and ab-
sorption of the blood corpuscles progressed with extreme slowness
in many instances, and a remarkable feature of certain specimens of
two to three months' duration was the presence of extravasated
erythrocytes as perfectly preserved as though freshly deposited.
Organization was likewise sluggish.
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Desquamation of the alveolar epithelium was encountered to
some degree in nearly all of the earlier specimens. These cells were
mixed with, and often indistinguishable from, macrophages, and
wandering cells of various types lay loosely within the alveolar
spaces and showed a tendency to phagocytic engorgement of-ery-
throcytes and cellular debris. They were very slow to lose their
normal staining characteristics and undergo disintegration and ab-
sorption. Desquamation was mostfrequent in localities with bronchi-
olar degeneration, atelectasis and fibrosis.
Fibrosis was seen in about one-half of the specimens after the
tenth day, first as young, loose fibroblastic proliferation, and later as
dense and partly hyalinized scar tissue. The distribution was mainly
cortical and of two types, i.e., one, in which the fibroblasts confined
themselves to the alveolar septa, with thickening of these partitions
and stenosis of the lumina, and another, in which the connective
tissues proliferated and spread broadcast throughout the lung, with
obliteration of its structural arrangement. The obliterative type
selected the central parts of the patches or ribbons of atelectasis,
and particularly those which presented marked epithelial desquama-
tion. Thus, the borders of these scarred areas were composed of
partially or wholly collapsed and denuded alveoli, and special stains
demonstrated the elastic tissue framework of atelectatic air-sacs
within, as well as adjacent to, the fibrous areas. Later, with con-
densation of the scar tissue, the alveolar arrangement of the elastic
fibrils was lost, and the marginal alveoli became inflated to emphy-
sematous proportions. Little or no relationship appeared between
the distribution of fibrosis and the presence of extravasated blood
or other exudate. Clear instances of organization of hemorrhagic or
necrotic parenchyma were not seen up to the end of the three-month
period of observation.
Vascular alterations, in addition to hemorrhage, were common
and of various types. Capillary congestion and engorgement with
erythrocytes in rouleau formation wereoften met in the earlier stages,
and constituted the only alteration after embolus in the majority of
cases where the surgical operation was of minor severity. The
subpleural tissues were chiefly affected. In the later specimens,
this was replaced by enlargement of small peribronchial vessels
(bronchial circulation). Large blood vessels, which were evidently
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parts of the occluded pulmonary vascular tree, showed gradual
hyaline degeneration and partial collapse. Thrombosis was not seen.
Edema was a frequent companion of hemorrhage.
The pleura presented fibrinous deposit, where it overlay areas
of congestion or hemorrhage, and fibrous organization took place,
but in spite of this reaction, adhesions between the affected portion
ofthe lungand its environs rarely occurred.
In two specimens of late stages, cysts were found in the paren-
chyma, but these cannot be characterized as an essential part of the
lesion following pulmonary artery occlusion. They were single,
smooth-walled cavities in the lung substance without demonstrable
connection with the bronchi. Their pathological relationship was
obscure.
DISCUSSION AND CONCLUSIONS
To the extent that these experiments repeat the work of others
in pulmonary artery occlusion, the results are quite similar. The
same marked contrast appears between the effects of embolism and
ligation, where the former was induced with no more manipu-
lation than exposure of a superficial vein; for the one produced
very slight changes in the lun'g parenchyma, while the other often
left the tissues severely scarred, airless and shrunken. The contrast
is totally lost, however, in the results of experiments with embolism
introducing operative procedures which simulated the magnitude of
pulmonary artery ligation, although sometimes quite different in
type. Thus, when embolism was induced by thoracotomy and cardi-
otomy, by laparotomy and phlebotomy of the vena cava, or by
phlebotomy of the jugular vein in company with thoracotomy or
laparotomy, the lesion produced could not be distinguished from
that which followed the ligation. The size and position of the em-
bolus determined the distribution, but only to a limited extent the
degree of the tissue changes. It is dear, therefore, that the effects
of pulmonary artery occlusion upon the lung parenchyma are de-
termined as to degree, in considerable part, by the magnitude of the
surgical procedure in general, rather than by the mode of occlusion
or a particular point in technic. This rules out consideration of dam-
age to the bronchial circulation by the ligature (Krampf) as playing
a significant role.
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The means by which the major surgicaloperations rendered more
severe the effects of pulmonary artery occlusion are not indicated
here,but two factors suggest themselves from the existingknowledge
of the pathogenesis of hemorrhagic infarct. First, it is well under-
stood that pulmonary infarction requires circulatory incompetency
in addition to blockage of the pulmonary artery of the part, as
from myocardial weakness, cardiovalvular disease, hypostatic pul-
monary congestion, hydro- and pneumothorax and thoracic com-
pression. Accordingly, in these experiments, the efficiency of the
lesser circulation may have been reduced by the congestion which
follows prolonged anesthesia and recumbency. Gwathmey8 has
cajled attention to the capillary dilatation and engorgement that
takes place after certain inhalation anesthetics have been used which
may readily reach severe grades. These changes were seen in the
non-occluded lung lobes in the experiments at hand. Second, the
part played byinfection from aspiration into the bronchi, which occurs
regularly in dogs under general anesthesia921, should be considered.
It has been demonstrated31 that bland embolism, which, acting alone,
was comparatively innocuous to the pulmonary tissues, produced
hemorrhagic infarct with focal or diffuse necrosis when the bronchial
tree was synchronously inoculated with pyogenic bacteria.
Convincing evidences are everywhere presented in this material
of the devitalizing effects of closure of the pulmonary circulation
upon the lung. The first appear at the earliest stage observed,
with desquamation of therespiratory epithelium, necrosis and hemor-
rhage, and these lesions are situated principally in parts of the paren-
chyma at a distance from the sources of collateral circulation. Thus,
conversely, the large air passages, together with the immediately
surrounding tissues, and the pleura retained vital staining character-
istics in all specimens; and these regions contained the sources of
blood supply remaining to the lung, i.e., the bronchial and pleuro-
mediastinal vessels. Sequellae of these early degenerative changes
account readily for the other early and the later effects. According-
ly, the cast-off epithelium occludes the smaller bronchioles, and
lobular atelectasis is the immediate effect. This most prominent
factor of the pathological picture throughout persisted, to some de-
gree, after removal of the debris from the airways, because of the
permanent bronchiolar obstruction which resulted from the frag-
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mentation and dissolution of those structures. Shrinkage and air-
lessness ofthe lung in later periods was in proportion to and probably
chiefly referable to the atelectasis. Denudation of the alveolar walls
may be readily considered a cause for the connective tissue prolifera-
tion of the alveolar septa, just as granulation occurs with ulceration
in any region. And this brought septal thickening, where the al-
veoli remained patent; septal fusion, where atelectatic collapse oc-
curred. These were the twotypes of fibrosis. Organization of extra-
vasated blood cannot be taken to account for the cirrhosis, at least
from the material at hand. Indeed, this type of reaction was pe-
culiarly and markedly delayed, and processes of absorption of all
sorts of exudate were exceedingly sluggish. The impression was
gained that the pulmonary tissues, particularly at the periphery,
were receiving a bare minimum of vital maintenance.
Consideration of the devitalizing effects of pulmonary artery
occlusion pertains to the use of ligation of that vessel in man. It
may readily be, of course, that these findings do not apply quantita-
tively to the human lung, since there the collateral circulation may be
more efficient. Indeed, the best evidence we have that the lung in
man is equipped with abetter collateral blood supply than that in the
dog is the fact of the employment of the ligation without marked
detriment. Whether or not the application is quantitative, it would
appear to be qualitative and militating against the concept of Bruns
and Sauerbruch, Schlaepfer, Kawamura and Tiegel30, which holds
ligation of the pulmonary artery to be a stimulus to the healing
capacity of the lung thus leading to its application in therapeutics.
It is not surprising that the operation has failed of its purpose in
healing tuberculosis and bronchiectasis, and that the mortality has
been high in patients with progressing pulmonary infection and in
constitutions weakened from great losses of blood, as in the cases
of Beye. With this in mind, nevertheless, there seem tobe legitimate
uses for pulmonary artery ligation in clinical therapy; for it has
proved to be an essential preliminary step in radical lobectomy,
greatly reducing the risk of that operation, and it has been a life-
saving factor in intractable pulmonary hemorrhage, when the pro-
cedure was employed by those well able to judge of indications. In
contemplating its use, cases should be selected with well-preserved
circulatory efficiency and non-progressing pulmonary lesions.
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